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One of the most interesting features of photonic crystal ͑PhC͒ resonator is the strong photon confinement in a small volume. This characteristic is of interest in quantum optics, 1 nonlinear optics, 2 lasers, 3 and optical communications. 4 For this reason, many groups have tried to realize high quality ͑Q͒ factor PhC resonators with small mode volumes. Among many applications using PhC resonators, we focus on lowpower all-optical devices, such as optical memories, optical switches, and optical logic gates. Especially, the optical bistability is simple and robust paradigm for all-optical transistors and memories. 5 In bistable devices, two stable output states are allowed for a given input. Typically, large incident optical power is required to obtain the optical bistability. However, it can be reduced significantly by using a PhC resonator by enhancing the light-matter interactions.
The nonlinear effects leading to bistable behaviors can be either electronic or thermal. The speeds of electric and thermal nonlinearities are associated with carrier lifetime and thermal relaxation time, respectively. While the thermal effects can be easily induced, its application to information processing is limited because of the slow speed in the megahertz range. However, the electronic nonlinearity allows faster processing that is limited by carrier lifetime. Recently, Tanabe et al. have reported fast bistable operation using a silicon PhC resonator with threshold power of 0.4 mW.
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Here the electrons are injected via two-photon absorption.
In this report, we demonstrate the optical bistability and all-optical switching based on the electronic nonlinearity using a five-cell two-dimensional PhC linear nanocavity by employing the fiber-coupling technique.
7 Highly nonlinear InGaAsP four quantum wells ͑QWs͒ are employed to reduce unwanted thermal effects.
The hexagonal periodic-hole lattice is chosen and fabricated by electron beam lithography followed by Ar/ Cl 2 chemically assisted ion beam etching, 8 as shown in Fig. 1͑a͒ . The lattice constant and hole radius are 460 and 160 nm, respectively. The InGaAsP slab contains four QWs of In 0.76 Ga 0.24 As 0.75 P 0.25 emitting photons near at 1550 nm. Previously, we reported a cavity design having coupling efficiency over 80% by introducing small holes into the linear resonator.
9 However, since the major fraction of the resonant energy locates in the region of small air holes, this structure is not suitable for applications that require large nonlinearities. For this reason, we design a PhC resonator with Q factor of 25 000 by filling in five air holes. Figure 1͑b͒ shows the photon density distribution calculated by contour finitedifference time-domain ͑FDTD͒ simulation using the digitized image of the fabricated structure. The Q factor calculated by the contour image of the fabricated structure is 4170. This reduction of the Q factor is ascribed to the imperfection of our fabrication. The effective mode volume 10 is 0.66a 3 , where a is the lattice constant. The conventional single-mode fiber is tapered down and strongly bent. The diameter and the radius of curvature are ϳ1.5 and ϳ50 m, respectively ͓Fig. 2͑b͔͒. Figure 2͑a͒ shows the schematic of our experimental setup. Here, the tunable ͑1510-1640 nm͒ laser diode is used as an input. By locating the curved microfiber on the surface of the five-cell linear PhC cavity, 11 photons stored in the PhC resonator are evanescently coupled with the microfiber. In this configuration, the total Q factor decreases to ϳ2500, due mainly to the coupling losses into the newly generated TM modes. 9 Experimentally, transmission characteristics are firstly measured by scanning the wavelength from 1608 to 1614 nm using the continuous wave ͑cw͒ sources for various input powers into the fiber, as shown in Fig. 3͑a͒ . The cavity resonance is located at the wavelength of 1610.84 nm and the Q factor of the PhC resonator with the fiber is measured to be 2200. The coupling efficiency 9 with the taper fiber is ϳ20%. The cavity resonance blueshifts with input power. It means that the refractive index change ͑⌬n͒ is negative and the nonlinearity is dominantly of electronic nature. The refractive index change is measured to be −0.0021 at the input power of 60 W. This index change is attributed to the high photon density inside the PhC resonator. As shown in Fig. 4͑a͒ , the refractive index change ͑⌬n͒ shows linear dependency in the region of input powers less than 75 W. However, at higher powers, the linear dependency breaks down because of the positive thermal nonlinearity and the higher-order effects.
In Fig. 3͑a͒ , we observe discontinuous drops at certain wavelengths for input power higher than 37 W. 
͑1͒
Here, ͉͉ 2 and ͉s͉ 2 are the energies in the resonator and the incidence power, respectively. cavity and fiber represent the resonator photon lifetime and the coupling time with the fundamental waveguide mode and 1 / abs is the absorption loss. Optical nonlinearities are included in the second term in the right side of Eq. ͑1͒ with a constant 0 .
14 The next two terms indicate the total loss of the resonator and the pumping through the microfiber, respectively. To obtain Fig. 3͑b͒ , we use the nonlinear refractive index ͑n 2 ͒ of −6.84ϫ 10 −14 m 2 / W that is estimated from Fig. 4͑a͒ .
12
The energy confinement factor ͑ = 0.83͒ and the effective mode volume ͑V eff = 0.66a 3 ͒ are calculated by the FDTD computation.
In the simulation of Fig. 3͑b͒ , transmission has a single output for all wavelengths when input power is less than 37 W. However, at higher powers, two output values are observed during up-and downward sweeps of input wavelength. When we increase the wavelength from 1608 to 1614 nm, the output shows a discontinuous drop at a certain wavelength for power larger than 37 W, as shown in Fig. 3͑a͒ . With increasing input power, the spectral position of the downward switching shifts to the shorter wavelength. These characteristics agree well with our measurements in Fig 3͑a͒. In order to confirm bistable behaviors directly, we inject cw light around 1610 nm. The input beam is polarized to excite TE-like modes in the resonator. Hysteretic behaviors appear when the transmitted power is plotted against the input power ͓Fig. 4͑b͔͒. Clearly, two output states are observed for input powers between 35 and 40 W for a detuning of ␦ = −1.724. Here ␦ is the normalized detuning defined as ␦ ϵ͑ inj − res ͒ / ͑⌬ res /2͒, where inj and res are the wavelengths of the input source and the cavity resonance. ⌬ res indicates the full width at half maximum in the transmission spectrum that is measured to be 0.732 nm. The hysteretic behavior does not appear when the detuning is smaller than −1.724. This value agrees well with the theoretical threshold detuning, ␦ 0 =− ͱ 3 Ϸ −1.732, that comes from Eq. ͑1͒. Hence, the threshold bistable power is close to 35 W and this value compares well with the minimum power of 37 W that shows a sudden drop in the transmission spectrum. The size of the bistable loop increases with detuning. We would like to emphasize that no instability is observed under cw operation for input power Ͻ200 W. Generally, the instability implies a competition between the negative electronic and positive thermal nonlinearities. Our results imply the dominance of the band-edge nonlinearity over the thermal effect. However, when the input power is higher than 200 W, the instability does appear.
All-optical switching operation is also demonstrated by using switching pulses at 980 nm, far from the band gap, as shown in Fig. 5͑a͒ . Here, the bandwidths of the pulse generator and the photo detector are 100 and 125 MHz, respectively. The probe signal wavelength is fixed at 1610.2 nm. The probe power is set at 37 W. As shown in Fig. 5͑b͒ , the probe signal ͑solid line͒ stays in the upper state in the beginning. When the switching pulse ͑dotted line͒ is injected, the probe signal switches to the lower state. Here, the apparent time delay between the switching pulse and downward transition is ascribed to our slow electronic circuit. The minimum switching energy is 75.4 fJ that equals the peak switching power ͑5.8 W͒ multiplied by the pulse width ͑13.0 ns͒.
In summary, we demonstrate optical bistabilities and alloptical switching in five-cell linear PhC slab cavities under continuous-wave pumping conditions, by employing the fiber-coupling technique. The threshold bistable power is FIG. 1. ͑Color online͒ ͑a͒ Fabricated five-cell linear PhC slab and ͑b͒ photon density distribution by contour FDTD for our fabricated structure shown in Fig. 1͑a͒.   FIG. 2 . ͑Color online͒ ͑a͒ Experimental schematic and ͑b͒ curved microfiber used in experiment. measured to be 35 W at the normalized detuning of −1.724 for the PhC resonator with a Q factor of 2200. The lowpower optical bistability originates from the band-edge resonant nonlinear effect of QWs. The measured bistable actions are in good agreement with theoretical results with the nonlinear refractive index ͑n 2 ͒ of −6.84ϫ 10 −14 m 2 / W. Particularly, the minimal instability is observed owing to the high band-edge nonlinearities of quantum wells and the efficient fiber coupling. In addition, all-optical switching is demonstrated with pulse energy less than 75.4 fJ. We believe that these low-power bistable devices based on PhC resonators will be an important building block for the photonic integrated circuits 
